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Triethanolamine,  teaH3, and  diethanolamine,  RdeaH2, 3d–4f and  4f  compounds  demonstrate  an  enor-
mous  variety  in  their  structure  and  bonding.  This  review  examines  the  synthetic  strategies  to  these
molecules  and their magnetic  properties,  whilst trying  to assess  these  ligands’  suitability  towards  new
SMMs  and  magnetic  refrigerants.
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. Introduction
.1. Molecular magnetism and poly-alcohol ligands
Molecular magnetism is a wide ranging area of research that
egan around 20 years ago, primarily involving the synthesis
nd study of metal coordination compounds. Twin pillars of
his effort, amongst others, are the discovery of single-molecule
agnets (SMMs) [1], in which data can in principle be stored
t a molecular level; and magnetic refrigerants [2], compounds
ith a large magnetocaloric effect (MCE) that can be used to
ool to and below liquid 4He temperatures. Much early research
n the former area involved transition metal compounds, such
s [MnIII8MnIV4O12(O2CCH3)16(H2O)4]·2CH3COOH·4H2O [3] and
[FeIII8O2(OH)12(tacn)6]Br7·H2O}Br·8H2O, where tacn is 1,4,7-
riazacyclononane [4], whilst the latter topic involved cages such as
FeIII14O6(bta)6(OMe)18Cl6], where Hbta is benzotriazole [5]. Many
ubsequent efforts [e.g. 6] used polyalcohol pro-ligands, amongst
thers, to connect the metals into larger assemblies, so increasing
he ground state spin, S, as this was initially believed to be the key to
ncreasing the temperatures at which SMMs  could maintain mag-
etised states to a practical level. The challenge of achieving this
s still on-going. Selected examples were well reviewed by Brechin
n 2005 [7], who showcased the SMM  behaviour of mostly MnIII
recent development, led to large improvements in the energy barri-
ers of SMMs,  on account of the anisotropy of LnIII ions such as DyIII,
TbIII and HoIII, particularly by Ishikawa, with a [TbIII(Pc)2]− com-
pound [8]. The high spin and isotropy of GdIII has achieved similarly
impressive results in increasing the −SM (MCE) of molecule-
based refrigerants, for example [GdIII2(O2CCH3)6(H2O)4]·4H2O [9].
Therefore, combined with the established beneﬁts of appropri-
ate d-transition metals, or as homometallic species, lanthanide-
based compounds impart signiﬁcant structural and magnetic
properties, distinct from their 3d cousins, giving some of the best
performing SMMs  and magnetic refrigerants.
1.2. Amino-polyalcohol ligands
An extension of this work uses amino-polyalcohol pro-ligands.
These would seem an ideal continuation of previous efforts as they
possess an afﬁnity to lanthanides due to their O donors, but also
incorporate a new N functionality which can take part in bonding,
though to date there are signiﬁcantly fewer 3d–4f and 4f com-
pounds of this type than with 3d metals alone, so this is an ongoing
area of research. The focus here will be on those compounds pre-
pared with the pro-ligands teaH3, triethanolamine, and RdeaH2,
functionalised diethanolamines, where R is H or CnH2n+1; these
being shown in Fig. 1. These are ﬂexible pro-ligands that can bondnd FeIII cages. The ﬁrst of these ions was particularly prevalent in
arly research, having a sizable single-ion anisotropy when in the
ctahedral conﬁguration, which can deﬁne an Ising-type ground
tate. Introducing lanthanides into molecular magnetism, a moreto metals in many ways, or with many “modes”. Their proﬂigacy
also stems from the way  they exist in a variety of forms, depend-
ing on the basicity of the conditions, as singly, doubly or triply
protonated species as appropriate, in addition to their completely
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sig. 1. Left, teaH3, triethanolamine. Right RdeaH2, a generic functionalised
iethanolamine.
eprotonated forms. Indeed, the teaH3 pro-ligand bonds to metals
n each of the tea3−, teaH2−, teaH2− and teaH3 forms in 3d metal
hemistry in a wide variety of ways, also featuring as a teaH4+ cation
10]. Co-ordination occurs through O or OH arms and the N-donor,
n addition to any other functionalities, with the ﬂexible OH arms
ccommodating a large range of ionic radii of metals. These prop-
rties assist in a common technique in co-ordination chemistry,
o-called “serendipitous” assembly [11], which involves combining
eagents to form unpredictable products; beginning with ﬂexible
tarting materials can improve one’s chance of forming a product.
odiﬁcations of “successful” syntheses can then be used to explore
urther.
This review article examines the synthesis, structure and mag-
etic properties of 3d–4f and 4f coordination compounds with
mino-polyalcoholate ligands and their magnetic properties. In
ddition to reviewing these we assess the suitability of these lig-
nds to this research and why they are such a double-edged sword
n the ﬁght for improved SMM  and MCE  molecular materials.
. Incomplete double cubanes
.1. Beginnings: {FeIII2LnIII2}
Christou’s group were the ﬁrst to synthesise
d–4f triethanolamine cages [12] in 2006, namely
FeIII2HoIII2(OH)2(teaH)2(O2CPh)4(NO3)2]·6MeCN (1) and
FeIII2LnIII2(OH)2(teaH)2(O2CPh)6]·4MeCN·3H2O (2) (LnIII = TbIII or
yIII and HO2CPh is benzoic acid) giving the ﬁrst FeIII-4f SMMs
see Fig. 2). All were prepared from a reaction of the iron tri-
ngle [FeIII3O(O2CPh)6(H2O)3](O2CPh), LnIII(NO3)3·nH2O, teaH3
nd acetonitrile stirring at room temperature giving what is a
ommon structural motif in 3d–4f teaH chemistry, and already3
nown beyond this niche [13,14]: the incomplete double-cubane.
his is made up of two “M4O4” cubanes fused on one face and
ach missing a metal vertex, making a planar tetrametallic core.
ig. 2. [FeIII2LnIII2(OH)2(teaH)2(O2CPh)6] (2). Key: LnIII , purple spheres; FeIII , green;
,  red (teaH2−) and wireframe (OH and benzoate); N, blue (teaH2−); C, grey wire-
rame; no H atoms, Ph or solvent groups are shown for clarity. See Ref. [12] for
tructural information.Chemistry Reviews 260 (2014) 1– 20 3
Alternative descriptions include a rhombus or butterﬂy. This
structure, with several variations, is common to (1) and (2) and in
more detail, for (1),  is thus: The planar core is composed of two
“inner” octahedrally co-ordinated FeIII ions which are formed into
triangles by an OH group, bonding to two outer LnIII ions with four
carboxylate groups bonding between hetero-metals. These ligands
“frame” the rhombus and lead to inter-molecular interactions as a
result of the – stacking between aromatic groups.
The singly protonated teaH2− exhibits the bonding mode
3.2.2.1.1, described using Harris notation [15], used here through-
out. This lists the total number of metals bonded, the number
attached to each arm, then the number bonded to the N atom
and is followed even when an arm is non-bonding, represented
by a zero, and extended to other ligand types such as carboxylates
and nitrates. Thus the aforementioned carboxylates show the 2.1.1
mode. Note that all modes of amine-polyol bonding in this review
are collated in Scheme 1 for easy reference.
The teaH2− ligand is centred on the outer lanthanide ions by
the N-donor atom with two  unprotonated arms linking this to
each of the inner 3d metals. The third protonated arm bonds ter-
minally to the same LnIII ion. This is the most common bonding
mode found where triethanolamine features in polymetallic com-
pounds, often as part of much different topologies, vide infra. The H
on the teaH2− here is assigned by assuming that unprotonated arms
bond to more metal ions, though only after metal oxidation states
have been assigned by geometries (3d metals) or experience (LnIII).
Filling the coordination sphere of the 4f ions is a nitrate (2.1.1.0),
whereas in (2) these are replaced by capping 2.1.1 −O2CPh ligands,
the geometry around these ions being a capped square antiprism.
Magnetic measurements show similar decreases in T with
decreasing temperature for (1) and (Tb-2 and Dy-2),  consistent
with overall antiferromagnetic interactions between spins. T falls
gradually with decreasing temperature and then rapidly at low
temperature, though this behaviour may  also be assigned com-
pletely or in part to the anisotropy of the LnIII ions and the
depopulation of Stark levels, which precluded a ﬁt of these data.
a.c. susceptibility data hinted at SMM  behaviour for (1) and (Dy-
2),  with plots of ′′ versus temperature for different frequencies
of applied ﬁeld divergent at low temperatures, though no maxima
were observed above 1.8 K. Further micro-SQUID measurements
on (1) and (Dy-2),  though, revealed these compounds are SMMs
by the discovery of hysteresis loops at lower temperatures. For the
former, loops opening below 0.3 K were smooth (upper panel, Fig. 3)
and assigned to the inter-molecular stacking interaction. Step-
structured loops indicating a quantum tunnelling process (QTM)
were found for the latter, opening below 1.1 K (lower panel, Fig. 3).
The presence of this relaxation at zero-ﬁeld gives a rapid decrease
of the magnetisation and no Ueff values could be extracted.
Although the isotropic GdIII analogues were not prepared, which
could be used to assess the extent of magnetic anisotropy involving
the LnIII ion, the likely origin is the 4f metal, notwithstanding the
presence of anisotropy in some FeIII cages, which is dependent on
geometry and factors of molecular symmetry. The rapid quantum
tunnelling, though, is a feature noted elsewhere in LnIII SMMs  [e.g.
16].
2.2. Variations on a theme: {MnIII2GdIII2}
Near-identical analogues of (1) and (2) were
found with different d-transition metals, such as
[MnIII2GdIII2(OH)2(teaH)2(O2CPh)4(NO3)2] (3) [17], also from
Christou’s group, and part of a series involving other polyols.
Only the one lanthanide compound was  reported, pre-
pared from a modiﬁcation of the above reaction by using
[MnIIMnIII2O(O2CPh)6(py)2(H2O)], where py is pyridine. The
structure is the same as (1) with the presence of H on the
4 J.W. Sharples, D. Collison / Coordination Chemistry Reviews 260 (2014) 1– 20
Scheme 1. Bonding modes of the teaHx(3−x)−and RdeaHx(2−x)− ligands in this review (numbered), and where M is a transition metal ion and Ln is a lanthanide; Harris notation
describes the bonding of the ligands to these metals.
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Fig. 3. Upper panel, hysteresis loop for [FeIII2HoIII2(OH)2(teaH)2(O2CPh)4(NO3)2]·6MeCN
(1) measured on single crystals at 0.04, 0.2 and 0.3 K for a sweep rate of 0.14 T s−1.
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Fig. 4. Orientation of the anisotropy axes of DyIII in
III IIIower panel, the same for [Fe 2Dy 2(OH)2(teaH)2(O2CPh)6]·4MeCN·3H2O
etween 0.04 and 1.1 K (Dy-2).
dapted with permission from [12]. Copyright 2006, Elsevier.
eaH2− ligand assigned after conﬁrmation of the MnIII oxidation
tate by Bond Valence Sum (BVS) analysis and geometries. These
ons also show characteristic Jahn–Teller distortion down the
(O2CPh) MnIII OH axis. H-bonds between the OH of the teaH2−
rm and the oxygen atom (HO· · ·H) of a nitrate group form a
upra-molecular chain structure.
Qualitatively similar behaviour in T(T) to (1) and (2) was
ssigned to the intra-molecular H-bonding interaction, though ﬁts
f these data could not be obtained using a HDVV spin Hamiltonian,
hich was reported to be due to the presence of weak interactions
etween spins, which would help to quantify exchange interactions
nd any anisotropy present. a.c. susceptibility data suggested an ill-
eﬁned S = 4 ground state from the frustrated triangular MnIII2GdIII
opology, though no SMM  behaviour was discovered. The lack of
MM  behaviour here suggests the importance of the anisotropic
nIII ions and so most likely the slow relaxation in (1) and (2) is due
o the 4f ions.
.3. Mössbauer and EPR analysis of {FeIII2LnIII2}
Powell’s group investigated the effects of the para-R substituent
n [FeIII2DyIII2(OH)2(teaH)2(O2CPhR)6] (4) [18] (R = H, Me, tBu, NO2
r CN) on the coupling between the 3d and 4f ions. This variation
n R does nothing to change the overall molecular structure, which
s identical to those seen in (2), and prepared in a similar way, with[Fe 2Dy 2(OH)2(teaH)2(O2CPhR)6] (4) for the given R groups, CN, NO2,  H,
tBu and CH3, from left to right. Key: atoms as labelled.
Reprinted with permission from [18]. Copyright (2011) American Chemical Society.
slight variations in solvent. Using 57Fe Mössbauer spectroscopy a
signiﬁcant change in the internal ﬁeld at the 57Fe ion was detected,
and ascribed to the differing environment of the DyIII ions, the 57Fe
“electron cloud” being polarised by their inﬂuence.
The FeIII spins cancel in an YIII analogue (Y-4), giving an S = 0
ground state, so allowing the results of the changing orientation of
the DyIII’s principal magnetic anisotropy axes to be probed (shown
in Fig. 4 for each substituent). Thus the inﬂuence of a ligand sub-
stituent on the DyIII ion can have a signiﬁcant effect on the magnetic
properties overall. The ultimate application of this Mössbauer tech-
nique is the determination of the orientation of the magnetisation
axes on anisotropic ions.
The syntheses of (1)–(4) have relied on beginning with a 3d-
metal triangle, which appears to act as a scaffold for incorporating
lanthanides around a part of it, after breaking up in solution, at room
temperature, then capping the high coordination number 4f metal
with the bulky co-ligands added. This is different from the follow-
ing (5),  where the components are added separately to achieve a
different result.
Brieﬂy, recent work, explained in much greater detail in [19]
on the compounds [FeIII2LnIII2(OH)2(teaH)2(O2CPh)6], where LnIII
is CeIII YbIII (excluding PmIII) or YIII, is also particularly interesting.
This utilised EPR (Electron Paramagnetic Resonance spectroscopy)
on the latter (Y-4), amongst other investigations with variable tem-
perature X-band data used to determine D, E and g values for the
FeIII ions. With (Nd-4) and (Dy-4),  this revealed the importance of
LnIII LnIII dipole–dipole interactions at less than 20 K.
2.4. Inside-out: {CoIII2LnIII2}
Further variations with 3d-transition metals are possible: from
the Murray group, stirring CoII(NO3)2·6H2O, LnIII(NO3)3·nH2O,
teaH3, benzoic acid and the base triethylamine in acetoni-
trile at room temperature gave the double cluster compound
[CoIII2LnIII2(OMe)2(teaH)2(O2CPh)4(MeOH)4](NO3)2·MeOH·H2O:
[CoIII2LnIII2(OMe)2(teaH)2(O2CPh)4(MeOH)2(NO3)2]·MeOH·H2O
(5) [20] (LnIII is GdIII, TbIII or DyIII) where CoII is oxidised in air
to CoIII during the reaction. Signiﬁcant differences were found
compared with (1–4), though (5) too has an incomplete double
cubane core. Notably, two forms exist in the crystal structure in
a 1:1 ratio: a further difference is that here we ﬁnd the LnIII ions
6 ation Chemistry Reviews 260 (2014) 1– 20
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Fig. 5. Upper panel, ′′ versus , frequency, for [CoIII2LnIII2(OMe)2(teaH)2
(O2CPh)4(MeOH)4](NO3)2·MeOH·H2O:[CoIII2LnIII2(OMe)2(teaH)2(O2CPh)4(MeOH)2
(NO3)2]·MeOH·H2O (Dy-5) between 2 and 13 K. Lower panel main, the Arrhenius
plot and, inset, Cole-Cole plots between 4 and 10.5 K for the same compound. SolidJ.W. Sharples, D. Collison / Coordin
s the central pair and the CoIII ions as the outer metals, OMe
roups bridging a LnIII2CoIII triangular arrangement. The teaH2−
igand here has the bonding mode 3.2.2.0.1 and is centred by the
-donor atom on CoIII so it links the outer and inner metals as
efore, but the protonated arm is unbound. Most likely this arm is
nable to add to the already complete co-ordination sphere of a 3d
etal, unlike when centred on LnIII, with its larger ionic radius and
oordination number. In one of the structural pair, two methanol
roups bond to each LnIII, but in the second compound one is
eplaced by a nitrate, with resulting nitrate:methanol H-bonding.
hough these lanthanide(III) ions have qualitatively the same
quare-antiprismatic geometry, these are distorted away from
egularity by differing amounts.
The reasoning behind the inversion in position of CoIII and LnIII
f. FeIII and LnIII (e.g. (1))  is still unknown and not speculated upon
y the authors, though there is an obvious dependence on synthetic
oute, judging by this and also the latest results from Powell [14].
his latter example is the only one so far of a controllable synthe-
is where the position of the 4f and 3d ions in incomplete double
ubanes can be altered in their positions, though does not involve
eaH3 or RdeaH2.
As this CoIII is diamagnetic the interpretation of the magnetic
ata is simpliﬁed to that of the central LnIII dimer. For (Gd-5)
he exchange constant was ﬁtted using the isotropic Hamiltonian
elow (Eq. (1)), incorporating a Zeeman term, where J12 is the
xchange between the inner 4f ions, Sˆ1 and Sˆ2 the spin operators for
hese ions, g the Landé g-value, ˇ the electronic Bohr magneton
nd H the applied magnetic ﬁeld.
ˆ
 = −2J12Sˆ1Sˆ2 + gˇH(Sˆ1 + S2) (1)
This yielded J12 = 0, i.e. the metals were non-interacting; hence
he measured decrease in T at low temperatures was assigned
o depopulation of the ms levels, rather than to antiferromagnetic
oupling, though more signiﬁcant exchange was found by ﬁtting
he results of ab initio calculations to magnetic data. For (Tb-5)
nd (Dy-5) similar depopulation, this time of the mJ states, was
nitially postulated; a.c. susceptibility data for the latter, (Dy-5),
howed clear frequency and temperature dependent ′′ maxima
upper panel, Fig. 5), from which a signiﬁcant energy barrier of 88 K
as extracted. The range of  ˛ values from the Cole-Cole (Argand)
lot (Fig. 5, lower panel, inset) suggested discrimination between
he differing DyIII environments in the crystal structure, though
nly one maximum in ′′ was seen. From the Arrhenius plot (Fig. 5,
ower panel, main), ln  was temperature-dependent down to 2.5 K,
uggesting quantum tunnelling of magnetisation below this tem-
erature; curiously this was very inefﬁcient, as evidenced by the
ack of increase in ′′ in ﬁeld, when compared to other lanthanide
ompounds [21]. (Tb-5) displayed the opposite behaviour, with a
igniﬁcant QTM and consequent lack of ′′ maxima in zero-ﬁeld.
his unusually inefﬁcient, but desirable, QTM of (Dy-5) was  then
xplored in some detail using CASSCF/RASSI/SINGLE ANISO calcu-
ations by Ungur and Chibotaru on {CoIII2DyIIILuIII} models [20].
QTM is effectively suppressed in the following manner: the
round doublet has a small splitting (10−6 cm−1), due to the non-
ramer’s state resulting from two coupled DyIII ions, which reduces
T. A second reason is the non-magnetic ground state, from strong
ipolar coupling, which reduces the transverse inﬂuence from
eighbouring molecules.
In modelling the magnetic data, the exchange postulated in (Gd-
),  i.e. zero, was also indistinguishable from models where it was
nite, taking into account the effects of zero ﬁeld splitting (ZFS),
eaning that this technique could not conﬁrm the presence or
therwise of an interaction.
Further magnetic measurements with the doped DyIII:YIII
ompounds (Dy:Y-5), where the percentage ratios were altered,lines are ﬁts to the experimental results given in open spheres.
Reprinted with permission from [20]. Copyright (2012) American Chemical Society.
indicated that the SMM  behaviour of (Dy-5) was a single-ion effect
and that the exchange between ions is indeed the source of the
reduced QTM, being less prominent as the DyIII DyIII contribution
is removed.
Rinehart et al. [22] have also seen much reduced QTM in a
[LnIII2N2(NSiMe3)4(THF)2]− compounds, where LnIII is TbIII or DyIII,
bridged by a radical N23−•ligand. The unusually strong coupling
between lanthanide ions, several orders of magnitude larger than
is normally found, appeared to be the key to obtaining the large hys-
teresis temperatures, without zero-ﬁeld relaxation, though (Dy-5)
would suggest qualitatively similar results can be obtained with-
out resorting to such a “radical” approach. This reduction of QT by
exchange-biasing has been well explored for 3d-transition metals,
but is poorly understood in 4f compounds at present.
2.5. Developments
More recently, several variations on the {CoIII2DyIII2}
arrangement were discovered with teaH3 also by uti-
lising acacH (acetylacetone). These [23,24] are quite similar
III IIIand formulated as [Co 2Dy 2(OMe)2(teaH)2(acac)4(NO3)2]
(6), [CoIII2DyIII2(OH)2(teaH)2(acac)4(NO3)2]·4H2O (7) and
[CoIII2DyIII2(OMe)2(mdea)2(acac)4(NO3)2] (8), with the now
familiar butterﬂy arrangement of metals. The teaH ligands bond
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Fig. 6. Skeletal view of [MnIII2LnIII3(nBudeaH)3(nBudea)2(O2CtBu)8] (11). Key: LnIII ,
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Fig. 7. Left, [LnIII4(OH)2(mdeaH)2(O2CtBu)8] (12). Right, geometries of the outer
urple spheres; MnIII, pale pink; O, red spheres (nBudea(H)); N, blue spheres
nBudea(H)); C, grey wireframe and spheres for R groups; no H atoms, solvent, or
arboxylate groups are shown for clarity See Ref. [26] for structural information.
ith the 3.2.2.0.1 mode, centred on an outer CoIII and the mdea2−
howing the 3.2.2.1 mode in the same way. Energy barriers, Ueff,
or each are single-ion in origin, and around 30 K, with more than
ne thermal process detected at higher applied frequencies of a.c.
eld.
More variations show the large effects of subtle changes in
eometry and lanthanide: a.c. susceptibility measurements on
CoIII2LnIII2(OH)2(bdea)2(acac)2(NO3)4], where LnIII is TbIII or DyIII
9),  showed only the latter is an SMM,  with a large Ueff of ca.  169 K
nd no pure QTM above 7 K. The bdea2− bonds with the previously
nown 3.2.2.1 mode, being centred on CoIII. Compared to (6) this
nergy barrier is increased by almost six times; that the enhance-
ent arises from only a change in ligand is noted as a potentially
seful way to tune the relaxation properties of existing compounds.
.6. Strong lanthanide(III) dependence: {MnIII2LnIII2} and
MnIII2LnIII3}
Using nBudeaH2, the strong inﬂuence that the choice of lan-
hanide can have on the structure of coordination compounds
as revealed. [MnIII2LnIII2(nBudea)2(nBudeaH)2(O2CtBu)6]·2MeCN
10) [25] and [MnIII2LnIII3(nBudeaH)3(nBudea)2(O2CtBu)8]·MeCN
11) [26] (shown in Fig. 6, where for clarity MnIII is shown in pale
ink to distinguish it from a LnIII), where HO2CtBu is pivalic acid,
re prepared from the same reaction; MnII(O2CCH3)2·4H2O, pivalic
cid, nBudeaH2 and LnIII(NO3)3·nH2O being stirred in acetonitrile.
Depending on the size of the lanthanide used, one of the two
roducts forms: (10) from LaIII, CeIII, PrIII or NdIII or (7) from TbIII,
yIII, HoIII, ErIII or YIII. The former has an incomplete double cubane
tructure, with slight changes to those previously seen. The outer
etals are lanthanides, (cf. (5)) linked to one of the inner MnIII ions
y a pivalate group and all metals have one amine-diol ligand cen-
red on them by N-bonding; for LnIII this is nBudeaH−, with the
ode 2.2.1.1, the alkoxy arms linking LnIII and MnIII and capping
he former. For each MnIII the diol is nBudea2−, bonding with the
.3.2.1 mode. One arm links three metals in a MnIII2LnIII triangle
nd the other links a MnIII and LnIII. The remaining pivalate groups
ond with 1.1.1 and 1.1.0 modes to each lanthanide. BVS and geo-
etric analysis assigned the MnIII oxidation states in this pair of
ompounds.
Given that the coordination number increases upon moving
rom the heavier, smaller lanthanides to the lighter, larger, metals,
rom eight to nine, this may  explain the resulting change in topol-
gy, ligands moving to accommodate these preferences. However,
iven that the compounds above, e.g. (2) feature nine-coordinate
yIII, this cannot be the only factor. The relatively bulky butyl “tail”
f the diethanolamine ligand in (11), relative to teaH2− in (2) may
lock the extra site from becoming involved.LnIII , top, and inner LnIII , lower. Key: LnIII , purple spheres; O, red spheres (mdeaH)
and wireframe (OH and pivalate); N, blue spheres (mdeaH); C, grey wireframe; no
H  atoms or tBu groups are shown for clarity. See Ref. [27] for structural information.
(11) has a “horse-shoe” topology made up of alternating 3d and
4f metals. Rooted with an N-donor to the central LnIII are two 3.2.2.1
nBudea2− ligands, both linking this metal to adjacent MnIII ions.
Pivalate groups bridge the four pairs of adjacent metals in 2.1.1
fashion and cap the terminal lanthanides in both a 1.1.0 and 1.1.1
manner. This leaves the nBudeaH− ligands that link the outer-most
metals on each end and cap the lanthanide with a protonated arm,
overall being 2.2.1.1. The third nBudeaH− links across the end of
the “horse-shoe” with the 4.2.2.0 mode, a rare example where the
N-atom is unbound. The sharp break with lanthanide size again
suggests this is an important factor, the “break” usually occurring
around GdIII, though this metal ion was not reported for either (10)
or (11) here. Each lanthanide(III) in (11) has a distorted eight coor-
dinate {N2O6} square-antiprismatic geometry, where the LnIII N
bonds are signiﬁcantly longer than those to oxygen atoms, ca.  2.7
versus 2.3 A˚.
Qualitatively similar magnetic behaviour in T(T) was found
for both of (10) and (11), showing a decrease at lower tempera-
tures, after expected values were found at room temperature for
uncoupled ions. Furthermore the non-saturation and overlapping
of magnetisation curves suggested anisotropy in each case, presum-
ably at least partly due to the MnIII, because of its presence in the
LaIII and YIII compounds, the (approximately) aligned Jahn–Teller
axes in (6) likely contributing. These latter two were available to
give information on the magnetic interactions between the MnIII
ions. For the former this was (La-10) and, using Eq. (1), J = 5.0 K
when g = 2.12.
For (Y-11),  using Eq. (2) gave D/kB = 4.2 K, g = 2.074 and with
zJ′/kB = 0.055 K, the latter value from the mean-ﬁeld approximation,
indicating a large anisotropy and weak coupling. The anisotropy
here must be due to the aligned JT axes of the MnIII ions.
Hˆ = D[(Sˆ2z − 1/3Sˆ(Sˆ + 1)] + gˇHSˆ (2)
′′ frequency dependence was found in (Ce-10), (Nd-10), (Tb-11)
and (Dy-11), though only for (Nd-10) could Ueff be determined
above 1.8 K and with  = 1500 Hz, as 10 K.
Overall, the lanthanide ions must play a role, as not all com-
pounds exhibit this dependence, though most likely this will be
in concert with the MnIII ions, given the D/kB = 4.2 K observed in
(Y-11). Elsewhere the DyIII compound in isostructural series gives
the largest barrier, though here this does not show maxima in ′′,
which should motivate further investigations.
2.7. Lanthanides only: {LnIII4}The ﬁrst and so far only reported RdeaH2 4f butterﬂy was
[LnIII4(OH)2(mdeaH)2(O2CtBu)8] (12) [27] (LnIII = TbIII, DyIII, HoIII,
ErIII or TmIII and mdeaH2 is methyldiethanolamine) (shown in Fig. 7,
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Fig. 8. Hysteresis loops for [DyIII4(OH)2(mdeaH)2(O2CtBu)8] (Dy-12). Upper panel:
measured on single-crystals at 0.002 T s−1 for various temperatures. Lower panel:
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though there is some partial H-bonding to other OH functionalities.easured at 0.04 K at various sweep rates between 0.001 and 0.280 T s−1.
dapted with permission from [27]. Copyright (2010) American Chemical Society.
eft). The presence of lanthanides in all sites evidently requires
igher coordination numbers to be ﬁlled compared to 3d–4f com-
ounds which, along with the reduced coordinating ability of the
mine-diol used here compared to an amine-triol requires more
o-ligands. mdeaH− bridges between two metals with one arm and
aps with its other donors onto the same metal in 2.2.1.1 fashion,
his being mirrored on the remaining metals. Four pivalate groups
rame the core with the 2.1.1 mode and two cap the central metals
ith the 1.1.1 mode. The remainder bridge between pairs of metals
hat are not linked by the diol, with a 2.2.1 mode. The simplic-
ty of the synthesis, combining DyIII(NO3)3·nH2O, pivalic acid and
deaH2 in acetonitrile, suggests many variations to explore.
Previous examples of this topology have shown large energy
arriers, notably [DyIII4(OH)2(bmh)2(msh)4Cl2] [13], where bmhH2
s 1,2-bis(2-hydroxy-3-methoxybenzylidene)hydrazone and mshH
s 3-methoxysalicylaldehyde hydrazone. Ueff was 170 K and hys-
eresis loops open above 7 K. For (Dy-12) a more modest 6.2–6.9 K
nergy barrier was observed, increasing upon application of a mag-
etic ﬁeld. Hysteresis loops are seen below 1.1 K (Fig. 8, upper
anel) which have steps, both these features indicating resonant
TM, as this feature is absent under zero-ﬁeld. There is also a slight
ependence on sweep rate, conﬁrmation is in the lower panel of
ig. 8.One possible explanation for this discrepancy in the magnitude
f Ueff lies in the much more regular geometries found around
he DyIII ions in [DyIII4(OH)2(bmh)2(msh)4Cl2], whereas these areChemistry Reviews 260 (2014) 1– 20
rather distorted from square-antiprismatic in (12). In fact there
are two types, both eight coordinate, and described as distorted
dodecahedral, and shown in Fig. 7, right.
A more axial geometry appears, in general, in those compounds
with the highest Ueff values, namely Blagg et al.’s {LnIII5} series [28]
and Ishikawa’s [LnIIIPc2]− series, where H2Pc is phthalocyanine [8],
which seems to favour the stabilisation of the highest magnitude
mJ states relative to others, so creating a large thermal barrier to
relaxation, as demonstrated by Rinehart and Long [29].
2.8. Thoughts on incomplete double cubanes
The formation of teaH3 and RdeaH2 butterﬂies has been
reported for combinations of heavier lanthanides and FeIII, MnIII
and CoIII using the teaH3 pro-ligand. This has involved room tem-
perature reactions where components of acid, amino alcohol and
lanthanide nitrate are reacted at room temperature, or with gentle
heat. In (5) the acid was supplied as a pro-ligand instead of as the
carboxylate via a 3d metal triangle with the effect that CoIII was  on
the outer position of the compound. Perhaps there is a greater com-
petition for the inner site, and the lanthanide is better protected
there, so wins out, requiring this due to its higher coordination
number. Only in (5) was base added, being required to deprotonate
the acid, with the effect that we do not see a fully deprotonated
teaH3 ligand in any of compounds examined so far. This leads to
somewhat reduced coordination modes compared to those seen
for tea3−, e.g. 7.3.3.3.1 in (19) and 4.2.2.2.1 for (25)–(26), vide infra.
For the RdeaH2 compounds (12) a similar synthesis was  used, with
the available ligands seemingly accommodating the reduced bond-
ing of this ligand cf. teaH2−. The most unusual set of compounds
here are (10) and (11) with such a large structural change, depend-
ing on the lanthanide used. Unfortunately this exploration across
the 4f series has not been tested for the others in this set of butter-
ﬂies (1)–(10), only the “magnetically interesting” compounds being
reported, so conclusions cannot be extrapolated.
Already we  can see how these ﬂexible ligands have stabilised
structures with different, albeit similar sized, transition metals,
including by modifying their own state of protonation. Furthermore
different structures across the lanthanide series were stabilised,
accounting for the change in size from LaIII to ErIII.
We now turn to larger ring structures and the even richer variety
of bonding modes that they display.
3. Metallo-rings
3.1. Go large: {FeIII16LnIII4}
The largest 3d–4f cage yet discovered is the metallo-ring
[FeIII16LnIII4(tea)8(teaH)12(O2CCH3)8](NO3)4·16H2O·yMeCN (13)
[30] (LnIII = SmIII, EuIII or GdIII, y = 11, and when DyIII, TbIII or HoIII,
y = 10) shown in Fig. 9. The synthesis is very similar to that of the
incomplete double cubanes above, despite obvious topological
differences, though there appears a direct correlation between the
smaller carboxylate ligand with a larger resultant structure.
The {FeIII6} horse-shoes at either end of the structure, the whole
of which could be thought of as two  {FeIII6LnIII2} rings linked by
two {FeIII2} chains, is held together by four 3.2.2.1.1 tea3− ligands,
which are centred on each of the four inner metals and connect
them to their two neighbours; this is a ubiquitous mode, though the
only one found so far for tea3−, rather than teaH2−, in 3d–4f chem-
istry and is unusual because an O-donor is only bonding terminally,The occurrence of this mode across numerous topologies indicates
co-ligands play a signiﬁcant role in deciding the shapes of the metal
cores, expectedly, since the amino-alcohols are ﬂexible.
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Fig. 10. Upper panel: Hysteresis loops on single crystals of
[CrIII4DyIII4(OH)4(mdea)4(N3)4(O2CtBu)8]·3CH2Cl2 (14) at a 0.035 T s−1 sweep
rate between 0.04 and 1.1 K. Lower panel: Loops for a ﬁxed temperature of 0.04 Kig. 9. [FeIII16LnIII4(tea)8(teaH)12(O2CCH3)8] (13). Key: LnIII , purple spheres; FeIII ,
reen; O, red wireframe; N, blue spheres (tea3− and teaH2−); C, grey wireframe; no H
toms or acetate groups are shown for clarity. See Ref. [30] for structural information.
The two FeIII ions on the end of this ring are linked to one LnIII by
 3.2.2.0.1 teaH2− ligand, the protonated arm being unbound. The
erminal FeIII and LnIII are also bridged by an acetate group 2.1.1,
inking to a different FeIII, one of a bridging dimer on either side of
he structure by a 3.2.2.1.1 teaH2−, centred on the 4f metal. These
f ions are also linked by an acetate group to the equivalent ion on
he opposite side, forming two sets of cross-links (not shown) and
o have a dodecahedral eight coordinate geometry, though this has
ot precluded SMM  behaviour in the past. The key may  be in the
lignment and cancelling of the DyIII anisotropy axes, which are not
o-parallel.
The two FeIII ions of each bridging dimer are linked by an acetate
igand and to adjacent lanthanides on either side by two 3.2.2.0.1
eaH2− ligands, so linking the two halves. (13) demonstrates the
ersatility of the triol ligand, which shows three distinct bonding
odes depending on its form and to which metals it bonds.
In the six cases investigated, antiferromagnetic interactions
ere dominant, again signiﬁed by decreasing T products with
emperature. The use of (Eu-13) and (Sm-13) enabled an S = 0
round state to be deduced as EuIII becomes diamagnetic at the low-
st temperatures investigated and the even number of FeIII spins
ancel out, hence antiferromagnetic FeIII exchange was postulated.
Based on Mössbauer investigations of (Dy-13) the DyIII FeIII
nteraction was very small and the FeIII exchange dominates the
agnetic behaviour.
.2. Octa-ring: {CrIII4DyIII4}
The use of CrIII is rather rare in 3d–4f molecu-
ar magnetism though recently has become a focus for
sotropic magnetic refrigerants [31]. A beautiful exam-
le in amine-diol chemistry is the “square-in-butterﬂy”
CrIII4DyIII4(OH)4(mdea)4(N3)4(O2CtBu)8]·3CH2Cl2 (14)
32], from the reaction of DyIII(NO3)3·nH2O, pivalic acid,
ethyldiethanolamine (mdeaH2), NaN3 and CrIICl2 in
ichloromethane under an inert atmosphere, the oxidation of
he transition metal taking place upon exposure to air. (14), shown
n Fig. 11 as its otherwise identical MnIII cousin, vide infra, where
ahn–Teller effects will be discussed, is composed of four linked
CrIIIDyIII2} units. These are themselves linked by a 3.2.2.1 mdea2−
igand, this being centred on the CrIII ion, and two pivalates that
ridge between a lanthanide and two 3d metal neighbours as 2.1.1.
3 groups and OH groups link adjacent lanthanides into an inner
quare, these lying in one plane, with a {CrIII4} butterﬂy lying
bove (two ions) and below (two more).
Extensive modelling and magnetic measurements were per-
ormed, the latter indicating anisotropy from non-superimposable
agnetisation versus reduced ﬁeld curves. From the Arrhenius
lot, a Ueff value of 15 K was observed with hysteresis loops
btained below 1.1 K conﬁrming this is unambiguously an SMM.for sweep rates between 0.001 T s−1 and 0.07 T s−1.
Reproduced with permission from [32]. Copyright 2010, Wiley-VCH Verlag GmbH
&  Co. KGaA.
From these data we  infer the presence of quantum-tunnelling by
their stepped nature, features absent in measurements above 1.8 K.
CASSCF/CASPT2 calculations were performed to obtain ﬁts of the
magnetisation data; for DyIII a satisfactory ﬁt used the parame-
ters gx = 1.7, gy = 5.8 and gz = 14.4, and a negative J value, indicating
antiferromagnetic exchange between CrIII and other metal ions.
These signiﬁcant transverse gx and gy values also contribute
to signiﬁcant QT. The avoided crossings observed in the energy
spectrum for (10), are in agreement with the observed quantum
tunnelling steps in the single-crystal hysteresis data, shown in the
upper panel of Fig. 10, for the variable temperature experiment,
with the sweep dependent curves shown in the lower panel.
Both coordination and site symmetries play an important role in
the SMM:  CrIII is basically isotropic, owing to the octahedral geom-
etry at each site but the DyIII ions, with D2d site symmetry, have
signiﬁcant anisotropies which have a none-zero sum.
3.3. Ringing the changes: {MnIII4LnIII4}
Using modiﬁcations of the above procedure, sev-
eral close MnIII analogues of (14) were synthesised,
though requiring tBudeaH2, tert-butyl diethanolamine,
and a selection of co-ligands and solvents. Formulated as
[MnIII4LnIII4(OH)4(tBudea)4(X)4(O2CtBu)8]·solvent (15) [33]
(LnIII is YIII, EuIII, GdIII, TbIII, DyIII or HoIII, X = N3−; with DyIII X may
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Fig. 11. [MnIII4LnIII4(OH)4(tBudea)4(N3)4(O2CtBu)8] (15). Key: LnIII , purple spheres;
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Fig. 12. [MnIII4LnIII4(nBudea)4(O2CH)4(OMe)4(O2CEt)4(O2CEt)4(MeOH)4] (13). Key:
LnIII , purple spheres; MnIII, pale pink; O, red spheres (nBudea2−) and wireframe (OH
and  carboxylates note only the inner ligands are therefore really formates); N,
]n , pink; O, red wireframe; N, blue spheres; C, carboxylates grey wireframe,
pheres for tBudea C atoms; no H atoms or carboxylate tBu groups are shown for
larity. See Ref. [33] for structural information.
lso be −OCN; and, where X = NO3−, GdIII, TbIII, DyIII, HoIII and ErIII
nalogues can be made with solvent being toluene or acetonitrile).
he changing of the N3 bridges from those seen in (10) does not
hange the overall structure, given in Fig. 11, though a change in
roligand from mdeaH2 to tBudeaH2 is required.
All DyIII and TbIII compounds showed out of phase ′′ frequency
ependence, though energy barriers could not be obtained in the
bsence of maxima, invariance to applied d.c. ﬁelds, though, sug-
ested QTM is absent. The lanthanide(III) ions are the source of
his, as the anisotropy axes, arising from a Jahn–Teller elongation
bout MnIII will approximately cancel. The change in the amine-
iol ligands between (14) and (15) for the DyIII compounds should
ot signiﬁcantly alter the magnetic properties in general, though
he SMM  behaviour are different. Further results may  be needed to
lucidate the reasons why.
.4. Saddle-up: {FeIII4DyIII4}
The pair of structurally related {FeIII4DyIII4} and {MnIII4LnIII4}
addle-compounds were prepared using distinct amine-triol and
iols, respectively, indicating a robust topology, which though
uperﬁcially similar to (13) and (14), are quite distinct.
An octametallic “saddle”, incorporating the N3 co-ligand, was
ade by allowing a reﬂuxed solution of DyIIICl3·6H2O, FeIIICl3,
aN3 and teaH3 in methanol:acetonitrile (1:2) to stand for 3 days,
iving crystals of [FeIII4DyIII4(teaH)8(N3)8(H2O)]·4MeCN·H2O (16)
34]. This is made up of alternating 3d and 4f ions, with one of the
yIII sites distinct by the bonding of a water molecule. The 4f ions
re linked to their adjacent 3d neighbours by two teaH2− ligands,
n the inside and outside of the saddle (3.2.2.1.1 mode). H-bonding
s extensive and is seen between each of the two N3 ligands bound
o each FeIII and the OH arm of teaH2−, and between the solvent
2−ater molecule protons and the O of teaH .
This structure is remarkable for its lack of large co-ligands,
hough its similarity to those seen above suggests these are not
 signiﬁcant factor, as long as coordination numbers can be ﬁlled.blue spheres (nBudea2−); C, grey wireframe and spheres for carboxylate bridges and
nBudea; no H atoms or Et groups are shown for clarity. See Refs. [35,36] for structural
information.
The closed structures (rings and cubanes and partial chains) seen
so far may  be expected, as an organic coating encloses a metal core.
The isotropy of the octahedral FeIII simpliﬁes the analysis of
magnetic data: ferromagnetic interactions are implied by T(T)
measurements which, with magnetisation measurements, impli-
cate anisotropy, likely due to DyIII, as supported by Mössbauer
studies. The capped square-antiprismatic geometry is theoretically
not ideal for SMM  behaviour, though, this compound is in fact
an SMM,  as shown by both a frequency dependence of ′′ below
2.8 K and a temperature dependent regime in the Arrhenius plot,
corresponding to an energy barrier of 30.5 K. SMM  behaviour is con-
ﬁrmed by the presence of smooth hysteresis loops below 1.4 K, and
so also show the lack of a QTM.
3.5. Keep on riding: {MnIII4LnIII4}
[MnIII4LnIII4(nBudea)4(O2CH)4(OMe)4(O2CEt)4(O2CEt)4(MeOH)4
(17) [35] (LnIII = GdIII or DyIII) was  synthesised using the lightest
carboxylate, −O2CH, by combining MnII(O2CEt)2, sodium formate,
LnIII(NO3)3·nH2O and nBudeaH2 in methanol. An alternative
preparation [36] gave the analogues with SmIII, TbIII, HoIII, ErIII and
YIII. Similar in its saddle structure to (16), and shown in Fig. 12,
this has alternating 3d and 4f ions where the diol bridges across
an N-bonded MnIII and adjacent LnIII ions with a 3.2.2.1 mode.
One methanol bonds to each of the latter, and a methoxy
group bridges between distinct hetero-metal pairs. The presence of
two different carboxylates here and three distinct bonding modes
is uncommon; an ethanoate bonds 1.1.0 to each 4f metal and
bridges distinct hetero-metal pairs. Formate bonds with the 3.2.1
mode between two lanthanides and one MnIII. All of the 3d ions
can be viewed in a plane, a difference to (11) that has a more
marked distortion. Both compounds show decreasing T prod-
ucts with decreasing temperature, which could be assigned to
anti-ferromagnetic coupling for (Gd-17) and possibly a combina-
tion of this and anisotropy effects for (Dy-17). Only the latter of
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Fig. 13. [LnIII6(teaH)6(NO3)6] (18). Key: LnIII , purple spheres; O, red spheres (tea3−)
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Fig. 14. [MnII3LnIII4(tea)2(O2CtBu)12(H2O)3] (19). Right, geometries of the central
LnIII , top, and outer LnIII , lower. Key: LnIII , purple spheres; MnII, pale pink; O, rednd  wireframe (NO3); N, blue spheres (teaH2−) and wireframe (NO3); C, grey wire-
rame; no H atoms or solvent molecules are shown for clarity. See Ref. [37] for
tructural information.
hese two compounds is an SMM,  though, suggesting the impor-
ance of the LnIII ion, with Ueff = 12 K. The stepped micro-SQUID
ysteresis loops below 0.5 K indicate QTM is important at these
ow temperatures also conﬁrming this as a true SMM.  Later, SMM
ehaviour was observed in SmIII, TbIII and YIII analogues, the last
ather interestingly as this must arise from the MnIII ions only,
espite the alignment of their JT axes, as above, meaning that their
nisotropies must almost cancel. Furthermore, SMM  behaviour was
uriously absent in the {Mn4IIIGd4III} compound, which implies the
nisotropy of the lanthanide(III) ions is playing a major role, despite
he lack of a ﬁne-tuning for each 4f metal, these being in a common
nvironment.
.6. The free-wheeling: {LnIII6}
The intriguing [LnIII6(teaH)6(NO3)6]·8MeOH (18) [37,38]
LnIII = GdIII or DyIII) wheel, shown in Fig. 13, is formed by layering
ther upon a solution of LnIII(NO3)3·nH2O, triethylamine and teaH3
n MeOH. Remarkably, these small ligands are able to stabilise a
exametallic core by coating inside and outside the metals. teaH2−
onds across three lanthanides by linking adjacent metals to a
entral ion, then capping this with an OH arm and N, as is now
amiliar (3.2.2.1.1 mode), alternately above and below the plane.
n H-bonded network is formed through the OH proton of teaH2−
o the solvent MeOH O-atom through further solvents to a different
eaH2− H-atom, so arranging three wheels. The wheel topology is
are in lanthanide chemistry, though examples of {LnIII10} have
een previously reported [39]. This is also one of only two  poly-
etallic 4f teaH2− compounds currently published, though the
nusual SMM  properties surely motivate further interest. However,
he probable antiferromagnetic coupling in (Gd-18), which showed
ecreasing T at low temperatures and slow magnetisation rates,
ould likely be a hindrance to a large magnetocaloric effect at
ow applied ﬁelds. This behaviour was projected to (Dy-18), which
howed intriguing SMM  behaviour; the ′′ plots being divergent
t low temperatures, though no maxima were seen down to 2 K.
he understanding of the magnetism of this compound was later
xpanded upon in an ab initio theoretical study that revealed,
mongst other details, a non-magnetic, toroidal, ground state;spheres (tea3−) and wireframe (H2O and pivalate); N, blue spheres (tea3−); C, grey
wireframe; no H atoms or tBu groups are shown for clarity. See Ref. [46] for structural
information.
i.e. the anisotropy axes of DyIII ions lie in the plane of the wheel,
as was also seen in the celebrated {DyIII3} triangles of Powell
[40]. This arrangement is more perfectly realised here and so the
ground state spin is zero, i.e. S = 0 under zero-ﬁeld, due to the S6
symmetry of the molecule. An appreciable quantum tunnelling for
each DyIII was  ascribed to the signiﬁcant transverse g-components
supporting the experimental discovery of SMM  behaviour only at
low temperatures. In practice, such an arrangement is described
as ideal for a robust qubit, though requires NMR  investigations
to elucidate to energy barrier of the degenerate toroidal ground
states.
3.7. Thoughts on metallo-rings
In these larger structures we  ﬁnd rather complex SMM
behaviour. For instance, in (14) and (15) changing the 3d metal
to MnIII apparently turns off the SMM  behaviour compared to
the CrIII analogue. (17) shows a remarkable intransigence to the
lanthanide(III) ion, which appears the source of SMM  behaviour
considering its absence in the isotropic gadolinium(III) compound.
Finally, (18) is one of a handful of toroidal spin examples with
potentially fruitful technological applications.
4. Hepta-metallic discs
4.1. Cooler than thou?: {MnII3LnIII4}
Hepta-metallic compounds are relatively common in 3d
chemistry with examples known for Mn,  Fe, Co, Ni and
Cu [41–45]. In 3d–4f and teaH3 chemistry, though, they
are rare, there being only a recent single example, namely
[MnII3LnIII4(tea)2(O2CtBu)12(H2O)3]·H2O (19) [46] (LnIII = LaIII, PrIII,
NdIII or GdIII) as shown in Fig. 14. Amongst teaH3 and deaH2
compounds there are also very few prepared by solvother-
mal  synthesis, as (19) is, though a common technique in
molecular magnetism as a whole. Here, [MnIII6O2(O2CtBu)10(4-
Me-py)2.5(HO2CtBu)1.5], where 4-Me-py is 4-methyl-pyridine, is
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Fig. 15. [LnIII2(mdeaH2)2(O2CtBu)6] (20). Key: LnIII , purple spheres; O, red spheres2 J.W. Sharples, D. Collison / Coordin
ombined with LnIII(NO3)3·nH2O, teaH3, triethylamine at 120 ◦C in
cetonitrile, where MnIII is reduced in situ.
The planar disc is made up of alternating outer 3d MnII (con-
rmed by BVS) and 4f metals, around a central LnIII hub. A tea3−
igand is centred above and below on this hub, bridging with
ll three arms in an extensive 7.3.3.3.1 mode, each arm bonding
etween {LnIII2MnII} triangles, giving the most coordinating tri-
lcohol so far.
Six pivalate groups bridge adjacent metals in 2.1.1 fashion
round the edge of the disc, the remaining six with a 2.2.1 mode
ith one water molecule bound to each of the outer LnIIIs. All
nII ions are octahedrally coordinated, so S = 5/2, which, along with
he high spin, S = 7/2, and isotropy of GdIII, should make this com-
ound a useful magnetic refrigerant, notwithstanding the general
ow densities of coordination compounds, a hindrance in that appli-
ation.
Fitting the magnetic data of (Gd-19) with the anisotropic
amiltonian (Eq. (3)), where D /= 0, gave g = 2.06, D = −0.011 cm−1,
xpectedly small, and a large ground state spin of S = 17/2, where
 is axial zero-ﬁeld splitting (ZFS) and E is rhombic ZFS, with no J
alue reported.
ˆ
 = DSˆ2Z + E(Sˆ2X + Sˆ2Y ) + gˇS · H (3)
Separately, using (La-19), and Eq. (4), below, the MnII exchange
as reported as +0.2013 cm−1, i.e. ferromagnetic, where g = 1.99,
tted above 50 K, to prevent ZFS from interfering with the ﬁtting
o susceptibility data. These results may  prove rewarding in the
uest for SMMs if the planned oxidation of the MnII ions to MnIII is
uccessful.
ˆ = −2J(Sˆ1Sˆ2 + Sˆ1Sˆ3 + Sˆ2Sˆ3) (4)
What is most fascinating here is that the solvothermal technique
esults in the largest coordination mode yet found for a tea3− ligand,
.3.3.3.1. This behaviour was previously seen with other tripodal
lcohol ligands to give more extensive bonding modes and may  rep-
esent a future route to high performance MCE  materials. The best
aterials require a low ligand to metal ratio so increasing the num-
er of metals bound to each ligand could improve matters in this
egard. Other examples, though show that this synthetic strategy
s not generally applicable, though, vide infra.
. Two  to tango: dimeric 4f compounds
.1. mdeaH2 and {LnIII2}
Dimeric structures represent simple compounds with which to
nvestigate exchange interactions and there are three examples
ith amine-polyol ligands. The ﬁrst is [LnIII2(mdeaH2)2(O2CtBu)6]
20) [47] (LnIII = LaIII, CeIII, PrIII, NdIII, SmIII, EuIII or GdIII), shown in
ig. 15 in cutaway form, synthesised from reﬂuxing of the appropri-
te LnIII(NO3)3·nH2O, mdeaH2 and pivalic acid in acetonitrile. This
s made up of two pivalate bridged LnIII ions, two ligands bond-
ng with the mode 2.2.1, two with a 2.1.1 mode and one capping
ach of the ions as 1.1.0. The mdeaH2 ligand caps on each ion with
he 1.1.1.1 mode where the protonated arm H-bonds to the ter-
inal carboxylate O-atom. Therefore, this is more of a capping
han bridging ligand, likely due to the lack of base added and the
igand remaining doubly protonated, which reduces the extent of
he bonding. The magnetic data of (Gd-20) were ﬁtted using the
amiltonian given in Eq. (1) above, ﬁnding a best ﬁt of g = 2.03 and
 = 0.005 K, an extremely small ferromagnetic interaction, in line
ith an increase in T at very low temperatures.
For the other analogues the decreasing T with decreasing
emperature was not ﬁtted, but could be ascribed to either anti-
erromagnetic interactions, depopulation of Stark levels, or both.(mdeaH2 and bridging pivalates) and wireframe (terminal pivalates); N, blue spheres
(mdeaH2); C, grey wireframe; no H atoms, tBu groups or 2.1.1 pivalates are shown
for  clarity. See Ref. [47] for structural information.
5.2. H3sabhea and {LnIII2}
[GdIII2(sabheaH)2(NO3)2]·2MeOH (21) [48] was  synthesised
from methanolic solutions of GdIII(NO3)3·nH2O, sabheaH3 and
NaOH where here the addition of base appears to assist in
increasing the coordination mode, (21). sabheaH3, N-salicylidene-
2-(bis(2-hydroxyethyl)amino)ethylamine, is shown in Scheme 1,
and comprises a functionalised RdeaH2, where the R group is
C2H4NCHPh-o-OH. One amine-diol arm bridges the two metals
with one arm bonding terminally and H-bonding to solvent
methanol. The phenol OH simply bonds terminally to one LnIII,
its bulk seemingly assisting in enclosing the dimer from further
aggregation, so overall the mode is 2.2.1.1.1. The coordination
sphere of the metals is ﬁlled by a 1.1.1.0 nitrate. A decreasing T
product with decreasing temperature was assigned qualitatively
to antiferromagnetic coupling and quantitatively to an exchange of
J12 = −0.198 cm−1, g = 1.975, from the single J Hamiltonian, different
to those seen previously, and given in Eq. (5).
Hˆ = −J12Sˆ1 · Sˆ2 (5)
5.3. teaH3 and {LnIII2}
[LnIII2(teaH2)2(tpa)2(NO3)2] (22) [49] (LnIII = SmIII, GdIII, TbIII,
DyIII or HoIII and tpaH is triphenyl acetic acid), shown in Fig. 16, is
formed from the solvothermal reaction at 100 ◦C of Ln(NO3)3·nH2O,
teaH3, NEt3 and tpaH in acetonitrile. This type of synthesis is rare in
teaH3 and RdeaH2 chemistry, despite the advantages of solubility
and crystallinity that it can bring. The preparation is related to that
previously reported for the {LnIII7} disc-like structures using the
thmeH3 tri-alcohol ligand [50].
The metals are bridged by the deprotonated arm of teaH2−
and the protons assigned by charge balancing considerations. The
remaining donor atoms bond solely to each metal, giving the
2.2.1.1.1 mode of bonding. Each ion is therefore nine-coordinate in
a rather low symmetry environment, which accounts for the lack
of SMM  behaviour. The steric bulk of the triphenyl acetate, concep-
tually similar to the sabheaH3 employed in (21) may contribute to
the relatively unusual bonding mode, both being rather restricted
compared to other polymetallic compounds. The nitrate and tpa−
ligands cap both metals with two  O atoms each.
Magnetic data were ﬁtted using the Hamiltonian given in Eq.
(1), ﬁnding a weak antiferromagnetic interaction of −0.114 cm−1,
hindering the magnetocaloric response, which shows a maximum
−SM value of ca.  20 J kg−1 K−1 (H = 0–7 T, 3 K).Exchange between metals is dependent on the bridging angle
between metals, though for (20) there are also alternative exchange
pathways other than through the amino-polyalcohol ligands, so
this may  be not be a straightforward analysis.
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Fig. 16. [LnIII2(teaH2)2(tpa)2(NO3)2] (22), where tpaH is triphenyl acetic acid. Key:
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Fig. 17. Left, a fragment of [MnIII3LnIII(tea)3(acac)6] (24) showing {MnIII3LnIIItea}
III IIInIII , purple spheres; O, red spheres (teaH2−); N, blue spheres; C, grey wireframe;
o  H atoms or CPh3 groups are shown for clarity. See future work [49] for structural
nformation.
.4. Thoughts: base versus bulk?
The above highlights an important synthetic challenge when
sing lanthanides. From our own failures and other reports, it
s rather easy when using hydrated starting materials such as
nIII(NO3)3·nH2O to form insoluble precipitates when adding base,
ikely as the water is deprotonated and the resultant OH group
onds to more metals uncontrollably. So, whilst, the synthesis of
igh nuclearity clusters from teaH3 (or RdeaH2) implies deproto-
ation of the ligand to give bridging O− groups, this must be done
arefully. A different means of preventing the formation of the
nsoluble precipitates is the addition of bulky co-ligands, though
his strategy can cap the formation of extended structures. This
alancing act is clearly achievable, though may  explain the lack of
olvothermal success with these ligands, more energetic conditions
eing harder to tame.
. Metallo-stars
.1. Old: {NbV3LaIII} and new: {Mn3IIILnIII} and {FeIII3LnIII}
An older and elegant gem is the ﬁrst 4d–4f teaH3 compound,
he metallo-star [NbV3LaIII(tea)2(iPrO)12] (23) [51], although no
agnetic properties were reported, as the metals are diamagnetic.
he synthesis involves stirring [NbV(iPrO)5] and “[H3LaIII(tea)2]”,
n toluene. The H3 atoms of the latter are reported as the
ydroxy-functionality of the tea3− ligand, presumably three H
toms distributed between the six arms of two ligands for charge
alancing. The ﬁnal product has three outer NbV diamagnetic
ons as the points of the star, each capped by four terminal
iPrO) groups. The two tea3− ligands have the 4.2.2.2.1 mode,
entred on LaIII, with one above and one below the plane.
hilst no analogous structures to (23) with paramagnetic 4f
ons were reported, the ﬁrst 3d–4f metallo-stars [52] are simi-
ar: [MnIII3LnIII(tea)2(acac)6][MnIII(acac)3] (24), shown in Fig. 17,
eft, and [FeIII3LnIII(tea)2(acac)6] (25) (LnIII = GdIII or DyIII in both
III III IIIases). Synthesis was by reﬂuxing [M (acac)3], where M is Mn
r FeIII, LnIII(NO3)3·nH2O, teaH3 and triethylamine in methanol,
ith crystals grown from a dichloromethane: hexane solution.
hese structures are identical save for the additional [MnIII(acac)3]only. Right, the ligand geometry around the central LnIII ion. Key: LnIII , purple
spheres; MnIII pink; O, red; N, blue; C, grey; no H atoms are shown for clarity. See
Ref.  [52] for structural information.
unit in the former, and have the same tea3− arrangement and
mode as in (23), visible as the polar ligands around the central
ion, shown in Fig. 17, right; completing the octahedral envi-
ronment of the 3d metals are two  (acac)− ligands, bonding
terminally (1.1.1) to the outer metals. Thus, here, a balance between
deprotonating the teaH3 and steric bulk has given a compact
arrangement of metals with a large number of metals bonded to
the amino-alcoholate. Despite the similar structures their magnetic
properties are pleasingly distinct. For (Gd-24), using the isotropic
Heisenberg–Hamiltonian in Eq. (6), Jxy, the interaction between
MnIII and GdIII, was  weakly antiferromagnetic at −0.23 cm−1 and
Jyy, between MnIII ions, a slightly stronger 0.56 cm−1, as ﬁtted to T
data, which qualitatively agree with that for (Dy-24), though other
effects of Stark level depopulation with decreasing temperature
may  account for this behaviour in the latter.
Hˆ = −2
∑
J(SˆxSˆy) (6)
This means the GdIII spins align opposite to that of the cen-
tral ion, though this does not give an isolated ground state. The
FeIII compounds (Gd-25) and (Dy-25) show contrasting magnetic
exchange; the former has Jxy = 0.73 cm−1 (between heterometals)
and Jyy = −0.30 cm−1 (between like metals) giving an S = 11 ground
state, i.e. where all spins are aligned. (Dy-25) was qualitatively sim-
ilar. So far a.c. susceptibility studies are yet to be reported on these
compounds, there being no other 3d–4f metallostars with which
one could speculate upon the likely results, particularly the effect
of the equatorial bonding on the SMM  behaviour of the dyspro-
sium(III) compounds.
7. Double cubanes
7.1. Christou’s {MnIII2MnII2LnIII2}
Billed as the ﬁrst 3d–4f double-cubane,
[MnIII2MnII2LnIII2O2(edteH2)2(O2CtBu)6(NO3)2] (26) [53]
(LnIII = GdIII, TbIII, DyIII, HoIII or YIII and edteH4 = N,N,N′,N′-
tetrakis(2-hydroxyethyl)ethylenediamine) is shown in skeletal
view in Fig. 18, left, and incorporates a functionalised amine-diol
giving four possible OH groups to bond and two N-donors. The
structure is related to the incomplete double cubanes seen above,
but maintains the missing metal vertices, so giving a hexa-metallic
compound, the core of which is shown in Fig. 13, right and lower,
We ﬁnd the edteH2 groups link the MnII corner metals, BVS
calculations being used to assign the oxidation states, to both
inner Mn ions and one Ln , with the mode 3.3.1 for each “half”,
the ﬁrst arm linking the hetero-metals, the second to only a MnII,
to which the N also bonds. For the complete ligand this mode is
4.3.3.1.1.1.1. Oxygen atoms connect one LnIII, MnII and both MnIII
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Fig. 18. Left: skeletal view of [MnIII2MnII2LnIII2O2(edteH2)2(O2CtBu)6(NO3)2]
(26).  Right, upper, geometry of LnIII ion and core view, lower, of (26):
{MnIII2Mn2IILnIII2O6}. Key: LnIII , purple spheres; MnIII, palest pink; MnII, pale
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Fig. 19. Hysteresis loops for (Tb-26), for, upper panel, variable temperature, ﬁxed
sweep rate single crystal measurements between 0.04 and 0.9 K, and, lower panel,
for ﬁxed temperature, variable sweep rates of 0.001–0.035 T s−1.
hinder the coordination and force the ligand to act as a capping
group. Interesting is the change in protonation of this ligand toink/violet; O, red spheres; N, blue spheres (edteH2); C, grey wireframe; no H
toms, nitrates or pivalate groups are shown for clarity. See Ref. [53] for structural
nformation.
ons with a tetrahedral arrangement. Carboxylate groups join each
anthanide to two MnIII ions, each of these ligands bonding in
.1.1 fashion between heterometals. A further carboxylate bonds
erminally to each lanthanide in 1.1.1 fashion, with a terminal NO3,
.1.1, completing the nine-coordinate geometry, given in Fig. 18,
ight and upper. The double-N bonding of edteH2 may  encourage
 preference of this ligand for MnII/III rather than LnIII bonding.
Beautifully deﬁned magnetic data were obtained from single-
rystal studies of (Tb-26), the only SMM  of this series, reproduced
n Fig. 19, upper panel, shows hysteresis loops opening below 0.9 K
0.035 T s−1) with a multi-step structure. This shows a signiﬁcant
ero-ﬁeld QT relaxation. At 0.04 K the loop was sweep rate depend-
nt, indicating QTM, as shown in the lower panel of Fig. 19. The
rrhenius plot shows the distinct thermal and quantum relaxation
rocesses at 0.3 K, the former giving an energy barrier of 20 K, mod-
st but signiﬁcant. The choice of lanthanide(III) ion is important
ere, suggesting a tuning of the coordination environment. The
nIII ions are believed to be unimportant in this regard, as they
ouple antiferromagnetically to give an S = 0 state.
.2. Powell’s {FeIII4LnIII2}
From the same ligand as above
FeIII4LnIII2O2(edteH)2(O2CtBu)6(NO3)2]·xMeCN·yCH2Cl2·zC6H5OH
27) [54] (LnIII = GdIII, DyIII or YIII) has a similar formulation and
tructure to (26) though has a slightly more distorted metal core.
ere, though, the edteH ligand bonds with a 4.2.2.2.0.1.1 mode
here the OH ascribed is unbonded to a metal, and directs an
-bonded 1D network. Each FeIII atom, which is bound to both the
-donor atoms in the poly-ol ligand, making up the outer metals
f the {FeIII4} rhombus, is bonded to both the inner 3d metals and
 lanthanide ion. Oxo ligands bridge between three metals of the
hombus directing triangular arrangements.
These compounds enabled a good understanding of the
xchange interactions to be determined, by ﬁtting to magnetic data.
or (Y-27) using the Hamiltonian below (Eq. (7)) gave Fe-Fe interac-
ions of Jouter = −4.17 cm−1 (antiferromagnetic) and Jinner = 1.1 cm−1
or g = 2.01. For (Gd-27) this was extended to the following
amiltonian (Eq. (8)), giving Jouter = −4.4 cm−1, Jinner = 1.6 cm−1 and
Fe outer-Gd = −0.12 cm−1, JFe inner-Gd = 0.24 cm−1.
ˆ
 = −2Jouter(Sˆ1Sˆ2 + Sˆ2Sˆ3 + Sˆ3Sˆ4 + Sˆ4Sˆ1) − 2JinnerSˆ1Sˆ3 (7)ˆ
 = −2Jouter(Sˆ1Sˆ2 + Sˆ2Sˆ3 + Sˆ3Sˆ4 + Sˆ4Sˆ1)
− 2JinnerSˆ1Sˆ3 − 2JFe inner-Gd(Sˆ1Sˆ5 + Sˆ1Sˆ6 + Sˆ3Sˆ5 + Sˆ3Sˆ6)
− 2JFe outer-Gd(Sˆ2Sˆ5 + Sˆ4Sˆ6) (8)Reprinted with permission from [53]. Copyright (2011) American Chemical Society.
These competing FeIII FeIII interactions were related to the bond
length and bridging angle and matched with parameters from pre-
vious work.
For (Dy-27) an energy barrier, Ueff, was  30.85 K in a d.c. ﬁeld
of 1200 Oe, though SMM  behaviour was not seen for the other
derivatives and so was assigned to the lanthanide ion. Mössbauer
studies of these compounds revealed a trend of increasingly slow
spin ﬂuctuation from (Y-27) through (Gd-27) to (Dy-27).
7.3. Thoughts on double cubanes
From these two  similar compounds the extra donor atoms of
the edteH4 ligand appear not to give extensive increases in the
coordination, compared to tridentate RdeaH2 pro-ligands, or teaH3,
despite its hexadentate nature. The propensity for the N atoms to
anchor, here on the same atom, likely due to their proximity, mayaccommodate the charge balance, well demonstrating its ﬂexibil-
ity, and also the change in bonding mode; although in the iron
compound this is less protonated and the bonding is less exten-
sive.
ation Chemistry Reviews 260 (2014) 1– 20 15
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Fig. 20. Numbering scheme for (29), where 1–4 are LnIII ions and 5–9 are CuII ions.
Reproduced with permission from [57]. Copyright 2011, Wiley-VCH Verlag GmbH
&  Co. KGaA.
x yJ.W. Sharples, D. Collison / Coordin
. Double cubane variations
.1. A former champion: {MnIII4MnIVLnIII4}
[MnIII4MnIVLnIII4O6(mdea)2(mdeaH)2(O2CtBu)6(NO3)4(H2O)2]·
MeCN (28) [55] (LnIII = TbIII, DyIII, HoIII or YIII) has an intriguing
ore comprised of vertex-joined LnIII2MnIII2O4 cubanes similar to
26), with a common MnIII, and two additional MnIII ions bonded
o two of the corner oxygen atoms.
A common MnIV links two {LnIII2MnIVMnIIIO4} cubanes with
wo axes deﬁned by {MnIII2MnIV} and {LnIII4MnIV} planes. Outside
f this are the “extra” two MnIII ions, with aligned Jahn–Teller axes.
 atoms linking these to the {LnIII2MnIV} ions and bonding to the
ubane metals {LnIIIMnIVMnIII}. The mdea2− ligand bonds with the
.3.2.1 mode joining a {LnIII2MnIII} unit in the cubane with one arm
nd connecting the N-bonded LnIII with the non-cubane MnIII. For
deaH− the unprotonated arm centres on the extra MnIII, bridging
his with a cubane MnIII, whilst the OH arm bridges with a LnIII
on. NO3 and H2O groups bond to the lanthanide ions with pivalate
roups bonding in 2.1.1 fashion between the cubane LnIIIs and non-
ubane MnIII, and hetero-metals in the cubane, i.e. MnIII and LnIIIs.
These were the ﬁrst 3d–4f compounds using mdeaH2, with (Dy-
8) showing the largest Ueff at the time for any 3d–4f compound,
his being ca.  40 K and signiﬁcantly less for the other variants,
articularly (Y-28) (ca.  20 K). Micro-squid single crystal measure-
ents revealed QTM, characterised by stepped hysteresis loops at
.9 K (0.002 T s−1 sweep rate). Though there are two  distinct lan-
hanide(III) geometries, one a tricapped triangular prism, the other
 distorted square antiprism, there appears only one ′′ maximum.
his may  suggest only one ion is playing a role in the slow relax-
tion, though this must be in concert with the MnIII ions.
.2. Thoughts on double cubane variations
This familiar pattern of the dysprosium compound showing the
argest Ueff in a series is likely due to DyIII’s status as a Kramers
on (with an odd number of electrons), whereby the ground state is
lways bi-stable in any crystal ﬁeld environment, though not nec-
ssary optimised to separate the high magnitude mJ states from
thers. This is not true for TbIII and HoIII, where symmetrical ligand
nvironments are required, deviations impinging on the relaxation
echanism. In that sense it is “easier” to make a DyIII-based SMM,
specially when the ligand geometry cannot be controlled as is the
ase with such ﬂexible ligands. There is also a broader point about
ll of the compounds measured and analysed in this review. It is
ebatable, indeed unlikely, that any researchers have achieved the
ecessary degree of “control” over the ligand geometry that is the
ey for SMM  optimisation; these ligands are amongst the most ﬂex-
ble families in the literature, along with phosphonic acids, perhaps,
o this control is extremely difﬁcult and probably impossible, in
his context. The search for high performance SMMs,  then, with
hese ligands, involves a good degree of luck. Lifting this somewhat
loomy outlook, as we move to the second section of this review,
s the fact that there are very few ligands that can achieve reli-
ble metal-topology control in molecular magnetism as a whole;
here is still a certain alchemy in the synthesis of most SMMs  and
 hit-and-hope approach, we believe.
. Lanthanides and copper
.1. Le Corbusier’s choice?:
CuII5LnIII4O2(teaH)4(OMe)4(O2CtBu)2(NO3)4]·2MeOH·2Et2O
The search for compounds with high-spin and low anisotropy
s magnetic refrigerants led to several investigations with CuII(S = 1/2) and GdIII (S = 7/2, 8S7/2), the most successful of these being
[CuII5LnIII4O2(teaH)4 (OMe)4(O2CtBu)2(NO3)4]·2MeOH·2Et2O (29)
[56,57] (LnIII = GdIII, TbIII, DyIII or HoIII). This was made by stirring
CuII(NO3)2·3H2O, LnIII(NO3)3·nH2O, pivalic acid, triethylamine and
teaH3 in acetonitrile and layering the resulting solution with ether
and gives an unusual structure of a {CuII5} “bow-tie”, with one LnIII
above and one below each of the two  “nodes.” The single type of
teaH2− has two  bonding modes, mode one being 3.2.2.0.1 (as for (6))
and therefore bonding between a “terminal” copper and lanthanide
ion with one O-arm and between the same copper and separate
lanthanide with a second O-arm; the OH arm is free and N bonds
to this same terminal copper; mode two bonds to more metals as
4.2.2.2.1. Overall this bonds between two terminal coppers and two
lanthanides above and below the same node: the ﬁrst arm thus
bonds between the copper ions, the second arm to a copper and
lanthanide and the third between this same copper, to which N
bonds, and different lanthanides.
One of the sensible rationales for targeting such GdIIICuII com-
pounds for their MCE  properties is the expected ferromagnetic
exchange between these heterometals; T increases at low temper-
atures, though this could be assigned to several other interactions,
vide infra. Indeed, −SM = 31 J kg−1 K−1 (H = 9 T, 3 K) for (Gd-29)
going alongside a large TAD, one of the largest for any molecule.
The SMM  behaviour of the anisotropic variants revealed small
energy barriers using a non-conventional (non-Arrhenius) method,
giving Ueff as 12, 7 and 10 K for (Tb-29), (Dy-29) and (Ho-29) com-
pounds, respectively.
Amusingly, for (Gd-29) a ﬁtting of magnetic data using the
Hamiltonian in Eq. (9) revealed that the CuII GdIII was actu-
ally antiferromagnetic, though competing CuII CuII interactions
and ferromagnetic GdIII GdIII coupling were also observed, so the
explanation is not straightforward.
Hˆ = −
∑
J(Sˆ Sˆ ) (9)Further study with (Dy-29) revealed dominant weak ferro-
magnetic coupling though this is composed of several different
interactions, namely a rather complicated coupling scheme with
the Hamiltonian given below (Eq. (10)) with each spin operator
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iven using the numbering system shown in Fig. 20.
 = −J1(Sˆ1Sˆ5 + Sˆ1Sˆ8 + Sˆ1Sˆ9 + Sˆ2Sˆ5 + Sˆ2Sˆ6 + Sˆ2Sˆ7 + Sˆ3Sˆ5 + Sˆ3Sˆ6
+ Sˆ3Sˆ7 + Sˆ4Sˆ5 + Sˆ4Sˆ8 + Sˆ4Sˆ9) − J2(Sˆ5Sˆ6 + Sˆ5Sˆ7 + Sˆ5Sˆ8 + Sˆ5Sˆ9)
− J3(Sˆ6Sˆ7 + Sˆ8Sˆ9) (10)
In contrast to this, the expected ferromagnetic CuII DyIII inter-
ction was present, J = +1.0 cm−1, with competing interactions
etween inequivalent pairs of CuII ions of +1.3 and −4.6 cm−1,
hough the DyIII DyIII interaction was negligible. Despite the dif-
erences these compounds vindicate LnIII CuII teaH3 compounds
oth as an approach to molecular refrigerants, using GdIII, and as
MMs,  when anisotropic lanthanides are included.
0. Why  so Cerious?
0.1. tBudeaH2 and {CeIII/IVMnIII}
[CeIV6CeIII2MnIII2O8(tBudea)2(O2CtBu)12(NO3)2(O2CCH3)2]·
CH2Cl2 (30), [CeIV8CeIIIMnIIIO6(OH)3(nBudea)4(O2CtBu)9.5
NO3)3.5(O2CCH3)2]·1.5MeCN (31) and [CeIV4MnIV2O4(nBudea)2
O2CtBu)10(NO3)2]·4MeCN (32) are amine-diol compounds
mongst several {CeIII/IVMnIII} structures prepared [58], these
eing subject to single crystal XRD and other characterisation
echniques. Similar preparations were used for each of these,
amely stirring MnII(O2CCH3)2·4H2O CeIII(NO3)3·nH2O, pivalic
cid and the appropriate RdeaH2, in varying ratios. (32) also
equires the addition of [NH4]2[CeIV(NO3)6]. As these have no
agnetic studies attached they will only be described brieﬂy:
The ﬁrst of these, (30), is based around a {CeIV6} octahedron,
here N-bonded MnIII ions are linked to an equatorial CeIV by
tBudea2− ligand, which bonds this same 3d metal to an equa-
orial CeIV, hence the 3.2.2.1 mode. The MnIII N bond deﬁnes
he Jahn–Teller axis. The second compound (31) also displays the
.2.2.1 mode, the amino-alcoholate centred on both a MnIII, bridg-
ng to two lanthanides and the remaining four ligands centred on
 lanthanide, bridging to two further lanthanides. The last, (32),
lso shows the 3.2.2.1 mode, centred on a MnIV, through which a
 MnIV O Jahn–Teller axis is deﬁned.
0.2. {mdeaH2 and CeIII}
[NaCeIII10O7(mdea)5(OH)(ib)14(O2CH)] (33) [59]
ib = isobutyrate) was characterised structurally only, having
een synthesised from the starting material [CeIII2(ib)6(H2O)3]n,
deaH2, sodium isobutyrate and acetonitrile using the uncommon
eaction method of ultra-sonication. This can be thought of as
aving a cerium(III) hexanuclear core capped by a {CeIII3Na}
etrahedron. Brieﬂy, there are three bonding modes of mdea2−,
hree of the ﬁve ligands displaying the 3.2.2.1 mode to a trio of
erium ions, and two with the 4.3.2.1 mode, though one of these
onds a sodium ion onto the higher denticity arm.
An exciting prospect for all these compounds from the 4f per-
pective, would be the inclusion of more magnetically “interesting”
ons, such as DyIII or GdIII, though these would require changes in
igands to balance charges where CeIV is involved.
1. Tea for one
1.1. Monomeric teaH3 compoundsA number of monometallic lanthanide(III) compounds with var-
ous forms of teaH3 ligand have been recorded over the past 25
ears or so. Several of these contain fully protonated teaH3 bondingChemistry Reviews 260 (2014) 1– 20
to a single metal, the charge being balanced by various anions, for
example [LnIII(teaH3)2(CF3SO4)3]·3THF (34) [60] (LnIII = PrIII, YbIII
or LuIII, and THF is tetrahydrofuran) was  synthesised by Hahn and
Mohr by partial replacement of a labile triﬂate with teaH3 in THF.
These have a nine co-ordinate capped square-antiprismatic geome-
try, due to the two amino-alcohol ligands bonding with the 1.1.1.1.1
mode and a single THF. This is related to [LaIII(teaH3)2(NO3)2]·2NO3
(35) [61], investigated by Fowkes and Harrison much more recently,
where one NO3 bonds to the 4f ion with two  O-atoms, making a
ten co-ordinate central ion. These arrange into a one-dimensional
supra-molecular structure by H-bonding through the OH of a teaH3
and the O of an unbound NO3 anion separating the lanthanide units.
Two LnII monometallic compounds, [LnII(teaH3)2]·2ClO4 (36)
[62] LnII = EuII or YbII were prepared by electrochemical reduc-
tion of the LnIII analogues. The 1.1.1.1.1 bonding mode of teaH3
is present in each.
Burin and Bochkarev prepared insoluble [LnIII(tea)]
(37) [63] (LnIII = YIII, NdIII or ErIII; and EuIII), likely a poly-
meric compound, by a variety of methods, and also
[YIII(teaH2)3] (37b) with the 1.1.0.0.0 bonding mode and
[(Me3Si)2NYIII(OC2H4)2NC2H4OYIII][N(SiMe3)2]2·(THF) (37c).
The latter has an unusual bonding mode where the tea3− ligand
bonds to metals that are otherwise unsupported, and the N is not
bonded to any metal, hence the 2.1.1.1.0 mode. The monometallic
form of these is likely due to the protonated nature of the tri-
ethanolamine ligands, supporting the “common-sense” view that
a negatively charged ligand is more likely to seek out more metals
and give larger metal cages.
12. Purity
12.1. Open wide: {LnIII6}
Quantitatively similar behaviour to (Gd-18) and (Dy-18)
was seen in a second {LnIII6} compound. From a similar syn-
thesis to that of the ﬁrst, vide supra, but with the addition of
chpH (6-chloro-2-hydroxy-pyridine), a [LnIII6(teaH)2(teaH2)2
(CO3)(NO3)2(chp)8(H2O)](NO3)·4.5MeOH·1.5H2O (38) [64]
(LnIII = GdIII, TbIII or DyIII) cage was  prepared. The structure
can be described as having four planar metal ions, each with
distorted square-antiprismatic geometries, with one above and
one below where a ﬁfth would be to form an open “mouth”. Then
looking into this mouth, chp ligands bridge between the planar
ions, with N and OH atoms, the rear two metals being bridged
by two ligands in this way. Two chp ligands cap each of the two
rearward metals by the OH group. The mouth ions are bonded
to one NO3 group each. teaH2− has the 3.2.2.1.1 mode, bridging
between one mouth ion and two planar ions, a common enough
motif where three ions are linked. The teaH2− ligand has the
3.3.1.1.1 mode, where O-arms bond between the two mouth and
an outer lanthanides, with the co-ordinating atoms bonding only
to the planar, outer ion. Finally a carbonate, seemingly derived
from CO2 in the atmosphere supports the structure, bonding
to all metals with a 6.2.2.2 mode, seen in Fig. 21, two  further
interactions of one O-atom being around 2.8 A˚, which were not
denoted as bonds. Magnetic measurements show decreasing T
with decreasing temperature, for (Gd-38) this being likely due
to antiferromagnetic interactions. For (Tb-38) and (Dy-38) this is
probably due to the anisotropy of these ions, a suggestion backed
up by magnetisation curves which are non-overlapping. The very
small energy barriers, Ueff, for these two compounds were 4.8
and 3.8 K respectively under zero ﬁeld, though no visible peaks
in ′′ versus T () were found. Further work will give a deeper
understanding of the exchange and anisotropy parameters in these
compounds.
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2.2. Homo-metallic dysprosium compounds
As this article was in press two new and exciting
omo-metallic dysprosium compounds were reported [65]:
DyIII3(OH)(teaH2)3(paa)3]Cl2·MeCN·4H2O (39), where paaH
s N-(2-pyridyl)-acetoacetamide, and [DyIII8)OH)6(teaH)6
teaH2)2(teaH3)2](O3SCF3)4·0.5MeOH·2H2O (40). The ﬁrst has
 triangular core where the teaH2 ligands bond with the 2.2.1.1.1
ode, centred on one DyIII each. No SMM  behaviour was observed,
nd a ﬁnite (i.e. non-zero) magnetisation occurred at the low
emperatures, so this does not have a toroidal spin arrangement,
ide supra. For (40), the synthesis is related to that of the {LnIII6}
heels above by a change in salt used. The three types of amine-
olyol result support a structure of three fused butterﬂies. Several
onding modes are exhibited by the three different kinds of
mino-polyol:teaH2− shows the 2.2.1.1.1 mode; teaH2− shows the
.3.1.1.1 and 2.2.1.1.1 modes; the teaH3 ligand has the 1.1.1.1.1
ode. This compound shows possible SMM  behaviour below 8 K,
hough no frequency dependent maxima were observed in the a.c.
usceptibility experiment.
3. More cages
3.1. {FeIII7LnIII4}
More work with reactions of FeIII triangles gave
FeIII7LnIII4O4(OH)3(tea)2(teaH)3(O2CtBu)7(NO3)2(H2O)2](NO3)·
MeCN (41) [66] (LnIII = DyIII or YIII) when [FeIII3O(O2CtBu)6
H2O)3](O2CtBu), FeIII(NO3)3·9H2O, LnIII(NO3)3·nH2O and teaH3
ere reﬂuxed in acetonitrile and the organic fraction separated for
urther heating, crystals growing from this solution. This structure
onsists of what would be a butterﬂy {FeIII4} core, though one
nner site is split between two FeIII ions. This {FeIII5O7} unit is
apped by two further FeIII ions on two vertices. The inner FeIII
on is also a common vertex of two {FeIII2DyIII2} cubanes, giving a
ather complex core.
There are distinct tea3− ligands here which bond with the
.2.2.1.1 mode, this being Fe N bonded and linked to two lan-
hanide ions. The second has the 4.2.2.2.1 mode linking pairs of
etals with a common iron. Furthermore there are three types of
eaH2−: these have the modes 4.3.2.1.1, linking a central N-bonded
ysprosium(III) to two heterometals with one arm and another
ron(III) with a second arm. Unusually the third, protonated, arm
s bonding the central (lanthanide) ion; the 3.2.2.0.1 mode, which
s common when one arm is protonated, linking an iron(III) to twoChemistry Reviews 260 (2014) 1– 20 17
adjacent lanthanides; and a second 3.2.2.0.1 mode where the iron
is bridged to heterometals. (O2CtBu) groups show diversity in their
bonding, too, with two bridging pairs of lanthanides, three bridging
pairs of irons, and capping groups with the modes 1.1.1 and 1.1.0
to lanthanide ions. Nitrates cap 1.1.0 to iron ions and there is also
one water on each of one iron(III) and one dysprosium(III). Mag-
netic data were ambiguous regarding the interactions within this
compound, with an explanation for the increase in T at low tem-
peratures being sought with 57Fe Mössbauer spectroscopy, which
showed an antiferromagnetic exchange between these 3d ions and
a ferromagnetic exchange between the DyIII ions.
13.2. {FeIII7DyIII3}
[FeIII7DyIII3O2(OH)2(mdea)7(O2CC6H5)4(N3)6]·2H2O·7CH3OH
(42) [67], a decametallic cage, was formed from methanolic solu-
tions of FeIIICl3, DyIIICl3·6H2O, NaN3, benzoic acid and mdeaH3,
growing crystals from the reﬂuxed mixture. Each ion is unique in
the crystal structure, which is based around a {FeIII3DyIII3} core,
where O bridges {DyIII2FeIII2} units. OH groups link the outer
{DyIII2} part of this core to an outer FeIII which is linked in turn by
a mdea2− ligand to a different FeIII and one of the core DyIII ions.
All FeIII ions have an mdea2− ligand centred on them, all with the
3.2.2.1 mode. Three mdea2− groups link {FeIII2DyIII} units, and four
link together {FeIIIDyIII2} parts of the structure, which also incor-
porates benzoate groups bridging hetero-metals. Six N3 ligands
bond terminally to all 3d metals with the exception of one “core”
iron. The energy barrier, Ueff, for this SMM  was ca.  33 K, with no
quantum tunnelling observed from the single crystal experiment
in an applied ﬁeld, though this effect was present when Hd.c. = 0,
and there was  hysteresis below 2.0 K (0.035 T s−1). Mössbauer
studies were also able to establish a barrier to relaxation below
35 K. Rationalising the rather low barrier value one may  point to
the slightly distorted square-antiprismatic geometry around the
lanthanide(III) ion, with a range of bond lengths.
13.3. {MnIII9DyIII8}
The hepta-decametallic cage [MnIII9DyIII8O8(OH)8(tea)2(teaH)2
(teaH2)4(O2CCH3)4(NO3)2(H2O)4](NO3)7·8H2O (43) [68], which
shows signs of SMM  behaviour at low temperatures is synthesised
from MnII(NO3)2·4H2O, DyIII(NO3)3·nH2O, sodium acetate, triethyl-
amine and teaH3, which were stirred in methanol:acetonitrile with
crystals obtained from the ether layered solution. That slight vari-
ations in synthesis can lead to large differences in topology should
now be apparent, which we  could rationalise here by the steri-
cally small ligands unable to stabilise a relatively low nuclearity
structure by encapsulation.
One way to represent the structure is to see it as based around
an almost planar {MnIII5LnIII2} disc. Linked to this and offset above
and below is a {LnIII2MnIII2} triangular based pyramid with outly-
ing LnIII atoms almost in the disc plane on either side giving the
seventeen metal core, held together by O and OH ligands, pivalates
and teaH3 derivatives. NO3 and H2O groups are only terminal here.
Depending on how deprotonated the teaH3 ligand is, three different
bonding modes are seen, namely the highly coordinating 5.3.2.2.1
for tea3−, which, joins a basal “pyramidal” DyIII with a planar and
basal MnIII; to a planar DyIII; and to an apical DyIII; 3.2.2.1.1 for
teaH2−, these joining a “disc” DyIII to adjacent “disc” MnIII ions;
and 2.2.1.1.1 for teaH2−, these linking an outlying DyIII to a disc
MnIII, repeated for the apical DyIII of the pyramid unit, all having
N DyIII bonding.T(T) is constant down to 25 K before increasing signiﬁcantly
from a room temperature value of ca.  132 cm3 mol−1 K (in line
with that expected for uncoupled ions) to a 3 K value of ca.
211 cm3 mol−1 K. This would imply ferromagnetic interactions
1 ation Chemistry Reviews 260 (2014) 1– 20
b
a
t
o
t
1
(
t
(
[
w
o
m
i
a
a
m
I
8
a
o
a
b
i
w
c
a
a
i
t
m
d
l
1
M
(
(
(
l
c
(
M
a
t
w
N
g
a
t
b
{
v
g
“
3
c
a
w
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etween ions, though the decrease in T(T) below this temperature
lso suggests some antiferromagnetic interactions (or a depopula-
ion of Stark sublevels) are present. Quantifying the SMM behaviour
f (43) was hindered by the lack of maxima in ′′, even at low
emperatures in the a.c. susceptibility experiment.
3.4. Organo-metallics: {MnIII4NdIII4}
Taking a larger 3d starting material, here [MnIII2MnII4O2
O2CtBu)10(4-Me-py)2.5(HO2CtBu)1.5] (44) [69] and reac-
ing this with nBudeaH3, NdIII(NO3)3·nH2O and ferrocene
FeII) dicarboxylic acid (fcdcH2) in acetonitrile gave the
MnIII4NdIII4(OH)4(nBudea)4(fcdc)2(O2CtBu)8]·H2O square-wheel,
hich is an almost planar arrangement of a 4f square inside a 3d
ne. Pivalate groups frame the whole by bridging adjacent pairs of
etals in 2.1.1 fashion and nBudea2− centres on the corner MnIII
ons and bridges between this and the neighbouring lanthanides in
 3.2.2.1 manner. OH groups centre between two inner NdIII ions
nd a corner MnIII. One fcdc2− sits above and another below the
etal core, only bonding to NdIII ions via the carboxylate groups.
nterestingly this gives three different coordination numbers of
, 8, 9 and 10 for each NdIII. The T(T) behaviour at low temper-
ture, signiﬁes a rapid low temperature decrease that suggested
verall antiferromagnetic interactions, though cautioned by the
nisotropy of the NdIII ion. Further investigations will seek SMM
ehaviour, perhaps with DyIII and TbIII ions as the MnIII anisotropy
s expected to be very small as their Jahn–Teller anisotropy axes
ill cancel out, from geometrical considerations. Nevertheless, the
ombination of conventional molecular magnetism synthesis with
n organo-metallic staple (fcdcH2), though this basically acts as
 “conventional” dicarboxylate, shows promise. Whether the FeII
on can be replaced by a more anisotropic ion is a further question
o ponder. Furthermore, the large differences in geometry at the
etals would make a very interesting test for resolution of any
ifferences in relaxation at each individual site, already seen for at
east two different coordination environments in DyIII compounds.
3.5. Similar but different: {FeIII5LnIII8} and {MnIII5LnIII8}
A series of analogous complexes, using FeIII and
nIII is the tridecametallic [MIII5LnIII8(OH)12(Rdea)4
O2CtBu)12(NO3)4(O2CCH3)4]−, where MIII is MnIII (45) [70]
LnIII is PrIII, NdIII, SmIII, GdIII or TbIII, R is tBu) or FeIII (46) [71]
LnIII is PrIII, NdIII or GdIII, R is nBu) (Fig. 22). Despite the simi-
arities in the structure, the syntheses are different, though they
ould be viewed as having the same parts in a different order.
45) requires addition of the tBudeaH2 ligand in acetonitrile to
nII(OAc)2·4H2O, LnIII(NO3)3·nH2O and pivalic acid in acetonitrile
nd stirring at room temperature. Crystals were grown from
he ﬁltered mixture. For (46), the source of FeIII and pivalate
as [FeIII3O(O2CtBu)6(H2O)3](O2CtBu), which was  stirred with
aOAc·3H2O, nBudeaH2 and LnIII(NO3)3·nH2O in acetonitrile,
iving crystals directly.
The tri-decametallic topology common to both is based around
 core of vertex sharing triangular-based pyramids, where only
heir common vertex is a MIII, other ions being lanthanides. This is
onded to by two of the “basal” lanthanides making up triangles of
LnIII2MIII}. These are themselves linked by a common lanthanide
ertex. The four triangular faces of the pyramid are capped by OH
roups, which also centre the aggregated triangles. Pivalate groups
frame” the structure, all bonding 2.1.1. (46) was  in fact the ﬁrst
d–4f compound incorporating nBudeaH2, in 2007. Viewing this
ompound such that it appears as a “rectangle”, four Rdea2− lig-
nds centre on each of the corner 3d transition metals, bonding
ith the mode 3.2.2.1, as previously seen (see Scheme 1) to twopurple spheres; FeIII , orange; O, red spheres (nBudeaH2) and wireframe (carbox-
ylates); N, blue spheres (nBudeaH2); C, grey wireframe; no H atoms, NO3 or pivalate
groups are shown. See Ref. [71] for structural information.
lanthanides. Nitrates adopt a familiar role in capping 1.1.1.0 onto
the innermost pyramid-type lanthanides.
Comparing the magnetic properties of these two series we ﬁnd
the following: The MnIII compounds were synthesised in the hope
of ﬁnding SMM  behaviour lacking in any FeIII derivative. Unfortu-
nately this was  unsuccessful and ascribed to the amusingly named
“magnetic death zone”, a region whereby the MnIII O LnIII and
LnIII O LnIII bond angles and lengths lead to extremely weak inter-
actions between spins, behaviour which was  extrapolated from the
Gd derivative of the FeIII and MnIII compounds, where T increases
only at low temperatures, signifying overall weak ferromagnetic
coupling. In neither case, though, were any ﬁts of the magnetic data
to a spin coupling model obtained. Also, this does not explain why
single-ion effects were not apparent, as individual lanthanide(III)
ions can produce enormous energy barriers, though the dyspro-
sium(III) compound was  not prepared which is the most likely
candidate.
13.6. Mixing it up
Recently demonstrating that combinations of con-
ceptually similar ligands can be proﬁtable is (47) [72],
[MnII2MnIII2LnIII2(O2CtBu)8(thme)2(teaH2)2], where thmeH3
is tris(hydroxymethyl)ethane and LnIII is PrIII DyIII, excepting
PmIII). There are two separate tripodal alcohol ligands employed
here to give a structure made up of a bicapped MnII2LnIII2 defect
cubane. Although neither of (Tb-47) or (Dy-47) show conﬁrmed
SMM  behaviour, the presence of frequency-dependent signals in
the a.c. susceptibility suggest these may  behave as such, at lower
temperatures. The bonding mode of teaH2− is seen elsewhere,
being 2.2.1.1.1 and centred on a LnIII ion.
13.7. Thoughts on cagesThe myriad cages here demonstrate how many different topolo-
gies and shapes of cages could be waiting to be discovered.
Particularly interesting is the use of organometallic ligands, which
could open up interesting new avenues to explore.
ation 
1
e
c
t
s
t
r
u
o
t
f
m
a
v
m
p
r
f
n
a
c
b
h
r
9
b
a
d
p
t
s
h
i
[
t
s
k
A
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[J.W. Sharples, D. Collison / Coordin
4. Conclusions
We  hope to have shown that the ligands teaH3 and RdeaH2 are
xtremely versatile, ﬂexible and so are useful tools in the synthetic
hemistry of hard metal ions, leading to a wide variety of struc-
urally diverse and topologically interesting molecules. These have
hown how a single ligand can bond up to seven ions and down
o a single one. This could lead to promising magnetocaloric mate-
ials, where the ligand to metal ratio is crucial in determining the
sefulness of such compounds. One problem here may  be a lack
f control of the magnetic exchange, which is not just a limita-
ion of polyaminoalcoholates, though. When one considers SMMs,
urther downsides of these ligands become apparent, for instance,
anipulating the exchange between spins, or the alignment of MnIII
nisotropy axes, as factors such as the length of the pendant arms,
ariable donor-atom-metal interactions and variations in denticity
ake targeted syntheses conceptually difﬁcult.
We have described some indications as to why certain com-
ounds show such slow relaxation though more work is clearly
equired on several more compounds to understand this, through
actors of exchange interactions, molecular symmetry and coordi-
ation environment, which are again hard to target reliably in most
reas of molecular magnetism, and especially when there is also the
omplication of such ﬂexible ligands.
These topological problems are challenges that we feel will not
e met  by these ligands. Nevertheless several important results
ave been made incorporating them, such as high performance
efrigerants and energy barriers, Ueff, in SMMs,  up to ca. 170 K (Dy-
).  There are also problems of assessing why 3d–4f or 4f SMMs
ehave in the way they do. Whilst square anti-prismatic geometries
re generally favoured in DyIII and TbIII SMMs,  the discovery of one
oes not lead to the other. This is because there are far too many
arameters hidden behind such a facile description, which describe
he crystal ﬁeld and simplistic descriptions often hide quite sub-
tantial distortions from the “real” geometry. These ligands also
ave none of the redox chemistry that promises so much in the
mprovement of hysteresis temperatures in lanthanide(III) SMMs
29]. Whilst we could go on, we should perhaps merely say that
hese ligands are fun for chemists, who probably just want to make
omething with a new structure, but less so for physicists who  may
now what they want.
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